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Abstract 

Background: Mesenchyme-derived airway cell populations including airway smooth nnuscle (ASM) cells, fibroblasts 
and nnyofibroblasts play key roles in the pathogenesis of airway inflannnnation and remodeling. Phenotypic and 
functional characterisation of these cell populations are confounded by their heterogeneity in vitro. It is unclear 
which mechanisms underlie the creation of these different sub-populations. 

The study objectives were to investigate whether ASM cells are capable of clonal expansion and if so (i) what 
proportion possess this capability and (ii) do clonal populations exhibit variation in terms of morphology, 
phenotype, proliferation rates and pro-relaxant or pro-contractile signaling pathways. 

Methods: Early passage human ASM cells were subjected to single-cell cloning and their doubling time was 
recorded. Immunocytochemistry was performed to assess localization and levels of markers previously reported 
to be specifically associated with smooth muscle or fibroblasts. Finally functional assays were used to reveal 
differences between clonal populations specifically assessing mitogen-induced proliferation and pro-relaxant 
and pro-contractile signaling pathways. 

Results: Our studies provide evidence that a high proportion (58%) of single cells present within early passage 
human ASM cell cultures have the potential to create expanded cell populations. Despite being clonally-originated, 
morphological heterogeneity was still evident within these clonal populations as assessed by the range in expression 
of markers associated with smooth muscle cells. Functional diversity was observed between clonal populations with 
10 \a!\A isoproterenol-induced cyclic AMP responses ranging from 1.4 - 5.4 fold cf basal and bradykinin-induced inositol 
phosphate from 1 .8 - 5.2 fold cf basal. 

Conclusion: In summary we show for the first time that primary human ASM cells are capable of clonal expansion and 
that the resulting clonal populations themselves exhibit phenotypic plasticity. 

Keywords: Human airway smooth muscle, Clonal expansion, Phenotype, Plasticity, Remodeling 



Background 

Human airway smooth muscle (ASM) cells are key players 
in the development, orchestration and perpetuation of 
asthma pathology [1]. In addition to forming the muscle 
mass which causes bronchospasm in asthma exacerba- 
tions, human ASM cells also mediate inflammation via 
cytokine release [1]. Increased ASM mass is a feature of 
the airway remodeling seen in many individuals with 
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chronic asthma, where it is associated with disease severity 
[2-4], Increased ASM area has also been shown to correl- 
ate with airflow obstruction (likely due to a combination 
of increased contractility and decreased lumen size) [5]. 

The mechanisms behind the increase in ASM mass in 
asthma may involve hyperplasia, hypertrophy, decreased 
apoptosis, altered migration, increased recruitment of fibro- 
cytes or increased differentiation of mesenchymal stem 
cells or via epithelial-mesenchymal differentiation, or in- 
deed a combination of any or all of the above [6]. Whilst 
in vivo little is known of the clinical relevance of these 
mechanisms, in vitro the ASM cell signaling pathways key 
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to these events have been extensively researched and many 
pro-proliferative, pro-apoptotic and pro-migratory media- 
tors identified [7]. In addition to these molecules, recent 
evidence demonstrates the ability of bronchoconstriction it- 
self to induce airway remodeling both in guinea-pigs [8] 
and humans [9]. 

It is also important to consider how phenotypic switching 
of ASM cells could impact on ASM mass. Phenotypic 
switching or phenotype plasticity refers to the change in an 
ASM cell classically between a "contractile" (or even 
"hypercontractile") and "synthetic" or "proliferative" state 
[10]. In vitro phenotypic plasticity has been demonstrated as 
being tightly regulated: growth factors, fibronectin, collagen 
type I, integrins and adhesion molecules are observed to in- 
duce a synthetic phenotype whereas serum deprivation. 
Transforming Growth Factor p (TGF-p) and insulin are ob- 
served to induce a contractile phenotype (see [10]). 

Given the phenotypic heterogeneity which ASM cells 
can exhibit in vitro [11], we aimed to investigate the 
clonal origin of populations of cells in ASM in order to 
determine whether single cells were capable of clonal ex- 
pansion and also to define how different resulting clones 
might be from each other and their parental cell in 
terms of morphology and function. Functional differ- 
ences were investigated by assessing pro-relaxant and 
pro-contractile second messenger signaling pathways, 
namely P2-adrenoceptor-mediated cyclic AMP formation 
and bradykinin Bl and histamine HI receptor-mediated 
inositol phosphate production respectively. 

This is the first study to show that a significant pro- 
portion of single cells present within early human ASM 
cell cultures have the potential to create expanded cell 
populations. These clonal cell populations were observed 
to be morphologically and functionally diverse. 

Methods 

Human airway smooth muscle cell culture 

Human airway smooth muscle (ASM) cells were prepared 
as previously described via enzymatic dispersion from four 
individuals undergoing thoracotomy [12]. Ethical approval 
was obtained from the local Nottingham ethical research 
committee (ECOO/165). Cells were cultured in Dulbeccos 
modified Eagles media (DMEM) containing 10% fetal calf 
serum and glutamine (2 mM) and incubated at 37°C in 5% 
CO2. Cells isolated and cultured in this way have been ex- 
tensively characterised and shown to retain many of the 
phenotypic properties of freshly isolated airway smooth 
muscle cells [13-15]. Cells expanded for use in the signal- 
ing assays originated from one donor. 

Single cell sorting via Fluorescence-activated cell sorting 
(FACS) 

Early passage (passage 2-4) human ASM cells were grown 
to -90% confluency and cultured in 0.5% foetal calf serum 



(FCS) supplemented DMEM medium for 24 hours. Cells 
were then exposed to trypsin to place the cells in suspen- 
sion, pelleted, resuspended in PBS and then subjected to 
single cell sorting in 96 well culture plates using Coulter 
Epics Altra Hypersort fluorescence- activated cell sorter 
system. Using a forward versus side scatter plot the cell 
sort gating criteria ensured that only cells with similar 
morphological characteristics were used in this process. 
Cells were singly-sorted directly into the 96 well plate with 
each well containing DMEM medium supplemented with 
20% FCS and glutamine. Single cell occupancy in each 
well of 96 well plates was confirmed by thorough micro- 
scopic examination and those wells with no cells or more 
than one cell were marked and not included any further 
in the experiment. With the exception of the increased 
percentage of FCS (20%), cells were thereafter cultured 
using the standard techniques specified above. Growth 
medium was replaced 7 days after plating and then after- 
wards every 2 days. As the cells achieved confluency in 
one well of the 96 well plate (surface area: 0.3 cm^), they 
were trypsinised and subcultured into one well of a 24 
well plate (surface area: 1.9 cm^) and at this stage were 
cultured using standard techniques for human ASM cells 
(DMEM medium supplemented with 10% FCS and 2% 
glutamine). Once confluency was achieved in one well of 
a 24 well plate, the cells were subcultured into one well of 
a 6 well plate (surface area: 9.4 cm^) and once this well 
contained a confluent monolayer cells were subcultured 
into a 25 cm^ culture flask (T25). Throughout this time- 
course the times at which confluency was achieved in the 
diverse vessel sizes was recorded and hence doubling 
times could be calculated. The values expressed were 
mean ± Standard Error Mean (SEM) of the doubling time 
recorded for cells that proliferated. 

Single cell sorting via serial dilution 

Early passage (2-4) human ASM cells were cultured 
to -90% confluence then grown in medium containing 0.5% 
FCS then exposed to trypsin to place the cells in suspen- 
sion. The total cell count in the suspension was determined 
using a haemocytometer prior to the cell suspension being 
subjected to serial dilutions until calculations predicted that 
one cell should be present per 250 [A of DMEM medium 
(supplemented with 20% FCS and glutamine). Each 250 [A 
sample (containing one cell according to calculations) was 
placed into a separate well of a 96 well plate and incubated 
at 37C, 5% CO2. Single cell occupancy in each well of 96 
well plates was again confirmed by thorough microscopic 
examination and those wells with no cells or more than 
one cell were not included any further in the experiment. 
Cells were then cultured and doubling times assessed 
exactly as described above (Single Cell Sorting via FACS). 

For some analyses, clonal cell populations were grouped 
based on the time required for the clones to achieve 
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confluency in culture plates in initial experiments: I) Fast 
Growing clonal populations: Populations achieving con- 
fluency in a 25 cm^ tissue culture flask in less than 45 days 
and II) Slow Growing clonal populations: Populations 
achieving confluency in a 25 cm^ tissue culture flask in 
45 days or more. 

[^H]-Thymidine incorporation in human ASM cells 

[^H] -Thymidine incorporation in human ASM cells was 
assessed as previously reported with minor modification 
[16]. Cells were seeded at 2.5 x 10^ ceUs/ weU and grown 
to subconfluence (70-90%) in 24-wen plates were 
washed and incubated in DMEM containing 0.1% FCS 
and 2 mM glutamine for 24 h to growth arrest the cells. 
Platelet derived growth factor (PDGF-BB) at a range of 
concentrations (20 fg/ml to 20 ng/ml) was added and 
present in the weU for a total of 24 h with [^H] -thymi- 
dine (1 (iCi/weU) being added and present for the final 
16 h of the incubation. At the end of this period, the 
supernatant was aspirated, and the cells were washed 
twice with PBS before being fixed with methanol-glacial 
acetic acid (3:1) for at least 1 h at room temperature. 
Two further washes with methanol-water (4:1) were 
performed before the cells were lysed with 1 ml of 1 M 
NaOH. Nine hundred microliters of the supernatant 
were transferred to a scintillation vial along with 10 ml 
of scintillation fluid (Packard, Meriden, CT) and counted 
on a LKB scintiUation counter (efficiency - 30%), the re- 
sults being expressed as disintegrations per minute or as 
a multiple of stimulation over the control value. 

Proliferation rates were expressed as mean ± SEM. Donor 
and passage-matched human ASM cells (passage 9) were 
referred as the standard' cell type. Four Fast Growing clonal 
populations and five Slow Growing clonal populations (as 
defined above) were used. 

Determination of cyclic AMP accumulation in human ASM 
cells 

Accumulation of [^H] cyclic AMP was measured by a 
modification of a previously described method [16]. In 
brief, confluent monolayers of ceUs plated at 2.5 x 10^ 
ceUs/ well in 24 weU plates were labeled with [^H] aden- 
ine (2 (iCi/weU) for 2 h in DMEM at 37°C. At the end of 
this period, the cells were washed three times with 1 ml 
of Hanks-HEPES buffer and aUowed to rewarm to 37°C 
for 20 min in the presence or absence of a range of con- 
centrations of the |3-adrenoceptor agonist isoproterenol 
(10"^ to 10"^ M) before the reactions were terminated 
by the addition of 50 [A of concentrated HCl. The cefls 
were then stored at -20°C. [^H] cycUc AMP was deter- 
mined by column chromatography after the ceUs were 
rethawed as previously described [16]. Aliquots of 
[^^C] cyclic AMP were added to each sample, and the 
counts obtained from this recovery marker were used 



to correct for variations in recovery from each column. 
In addition, a 100 [A aliquot was taken from each wefl 
of the plate after the reactions were stopped and counted 
for tritium to correct for variations in the number of cells 
per well. 

Triplicate weUs were counted for each condition, and 
the data are expressed as fold change (compared with 
basal counts). Mean data are presented (±SEM). Donor 
and passage-matched human ASM ceUs (passage 9) were 
referred as the standard' ceU type. 

Determination of Total pH] Inositol Phosphate in human 
ASM cells 

[^H] Inositol phosphate formation was determined as 
described below. Near-confluent cell monolayers in 12 
well plates were incubated for 24 h at 37°C with 500 [A 
of inositol-free DMEM containing [^H] myoinositol 
(47 Ci/mmol) at a concentration of 4 (iCi/ml. After load- 
ing, cells were washed once with PBS. Inositol-free 
DMEM containing 10 mM LiCl was added to each well 
and the cells were incubated for 10 min at 37°C. Cells were 
then stimulated with a range of concentrations of hista- 
mine (10"^ to 10"^ M) or bradykinin (10"^^ to 10"^ M) for 
10 min at 37°C. Reactions were stopped by aspirating 
medium and adding 0.8 ml of ice-cold 0.4 M perchloric 
acid. A total of 0.4 ml of 0.72 N KOH/0.6 M KHCO3 was 
added, and the sample was centrifiiged to settle the pre- 
cipitate. The supernatant was applied to 1 ml AG1-X8 
(Bio-Rad, Hercules, CA) columns (100 to 200 mesh, for- 
mate form), which were washed with 10 ml of 0.1 N formic 
acid, and total inositol phosphates were eluted with 1.5 M 
ammonium formate/0.1 N formic acid and counted. Donor 
and passage-matched human ASM cells (passage 9) were 
referred as the standard' cell type. 

Fluorescent immunocytochemistry 

Cells were cultured and immunostained using published 
methods [11]. Primary antibodies and concentrations used 
were: a-smooth muscle actin, 0.4 (ig/ml; fibroblast 
surface protein, 0.4 (ig/ml; aldo-keto reductase 1 
(AKR1C3), 11 (ig/ml (Sigma- Aldrich, Poole, UK); ca- 
thepsin K, 2.5 (ig/ml (Abeam, Cambridge, UK); thromb- 
oxane synthase, 8 (ig/ml (Proteintech, Manchester, UK); 
a8 integrin, 1 (ig/ml (Insight Biotechnology, Wembley, 
UK). The secondary antibodies and dilutions used were: 
polyclonal goat anti-mouse antibody labefled with 
alexafluor 488, 1:250; polyclonal goat anti-rabbit anti- 
body labelled with rhodamine red-X, 1:250 (both from Invi- 
trogen. Paisley, UK). Cell nuclei were stained with DAPI 
(1 (ig/ml, diluted in PBS) and the cells mounted using 
DAKO fluorescent mounting media (Dakocytomation, 
Cambridgeshire, UK). Cells were then visualised using 20x 
and 40x objective lens on an epifluorescent microscope 
(Nikon, Surrey, UK, Diaphot 300 + Hg lamp) by SPOTCam 
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Advanced software (Image Solutions, Chorley, Lancashire, 
UK). The published images were recorded by applying 
background subtraction and keeping a constant exposure 
time and gain for each antibody to facilitate qualitative 
comparison. 

Statistical analyses 

For all assays, across group differences were analysed by 
two-way ANOVA. Figures represent mean values ± SEM. 
Statistical analyses and curve fitting were completed by 
using GraphPad Prism v5 (GraphPad, San Diego, CA, 
USA); a p-value < 0.05 was considered significant. 

Results 

Early passage human ASM cells are capable of clonal 
expansion and exhibit distinct variations in growth rates 

Initial experiments were performed to determine whether 
it was possible for single-sorted human ASM cells to sur- 
vive and proliferate in culture. Following sorting, each well 
was thoroughly examined microscopically to ensure that 
no more than one cell was present. Figure 1 shows an 
image of cell(s) observed within the same well on days 2, 5 
and 18. 

Overall a single human ASM cell was detected in 130 of 
the 768 wells seeded (16.9%) with the rest of the wells 
either demonstrating the presence of more than one hu- 
man ASM cell or no cell at all. These were therefore ex- 
cluded from all further analyses. Of the 130 cells which 
were successfully single-sorted, a total of 76 clones (58%) 
expanded sufficiently to quantify doubling times (i.e. at 
least achieved confluency in the original well of the 96 well 
plate). When doubling times were assessed they were ob- 
served to range from 1.1 days to 18.3 days (Figure 2). A 
further 54 clones (42% of the wells seeded with single 
cells) did not reach confluency over the time course of 
each individual experiment (3 months) with the majority 
of these undergoing senescence. 



Clonally expanded human ASM cell populations exhibit 
phenotype heterogeneity 

To further explore the heterogeneity of cells within a clonal 
population, cells were passaged further (see methods) giv- 
ing sufficient numbers for immunocytochemistry and 
functional assays to be performed. Here to best investi- 
gate the phenotypic range, clonal cell populations were 
grouped based on the time required for the clones to 
achieve confluency in culture plates in initial experi- 
ments (see Figure 2). These were defined as follows: I) 
Fast Growing clonal populations: Populations achieving 
confluency in a 25 cm^ tissue culture flask in less than 
45 days and II) Slow Growing clonal populations: Popu- 
lations achieving confluency in a 25 cm^ tissue culture 
flask in 45 days or more. 

These studies demonstrated expression of the classical 
mesenchymal cell phenotypic markers, a-smooth muscle 
actin (Figure 3A & C) and fibroblast surface protein 
(FSP) (Figure 3E & G) in both slow- and fast-growing 
clonal human ASM cell populations. In all cases cells 
were serum starved to ensure differences were not cell 
cycle dependent. The expression profile of these charac- 
teristic markers revealed some qualitative differences 
(see Table 1) with counter-intuitively, the slow-growing 
populations demonstrating increased levels of FSP and 
decreased levels of a- smooth muscle actin when com- 
pared with the fast-growing populations. We also inves- 
tigated the expression of the novel mesenchymal cell 
markers identified in our previous work [11] in these 
clonal populations. Aldo-keto reductase 1 C3 (AKR1C3) 
expression could not be observed at detectable levels in 
either the fast- or slow-growing clonal cell populations 
(figure not shown). However, both clonal cell popula- 
tions studied expressed cathepsin K (Figure 4A & C), 
TEXAS 1 (thromboxane synthase 1, Figure 4E & G), and 
a8-integrin (Figure 41 & K) with no obvious qualitative 
difference in their expression levels or cellular localisa- 
tion (see Table 1). 




Figure 1 Clonal expansion of early passage human ASM cells. Early passage human ASM cells were single sorted by fluorescence-activated 
cell sorting and subcultured in 20% or 10% FCS containing DMEM medium at 37°C, 5% CO2 atmosphere. All images were taken from the same 
well and used x40 objective (A) Single human ASM cell as seen in culture on day 2 (see black arrow). (B) Single human ASM cell proliferating to 
give rise to a number of cells (day 5). (C) Further expansion at day 18. 
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Figure 2 Proliferation rates of clonally expanded early passage human ASM cells. Human ASM cells (passage 2-4) were clonally expanded 
following fluorescence-activated cell sorting or dilution cloning techniques and doubling time of clones expanded from single cell human ASM 
cultures in four independent experiments was recorded. Data represents the time in which clonal cell populations became confluent over culture 
vessels with different surface areas. 



Human ASM cell clonal populations show morphological 
heterogeneity 

Following clonal expansion, and after repeated sub cul- 
turing, variations in cellular morphology were observed 
within single clonal populations, thus despite all cells 
within that population originating from a single cell 
(Figure 5A & B, here immunostained to show cathepsin 



K expression). Morphological heterogeneity was evident 
in the form of elongated-spindle shaped, short-spindle 
shaped or broad-elongated cell populations. Such mor- 
phological variations were seen in all clonal populations 
irrespective of their proliferative potential and are also 
evident when cells within the same field are compared 
for Figures 3 and 5. 



V 

V 
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Figure 3 Immunocytochemical expression of standard mesenchymal cell marker. Fast and slow growing clonally expanded human ASM 
cell populations were grown on 8-well chamber glass slides to 80% confluency. Following cell fixation, slow and fast growing clonal populations 
were immunocytochemically labelled for a-smooth muscle actin (A & C respectively; 0.4 pg/ml; B & D corresponding isotype control) and 
fibroblast surface protein (E & G respectively; 0.4 |jg/ml; F & H corresponding isotype control). Images were captured with x20 objective lens 
using an epifluorescent microscope with matched exposure time and gains. Images are representative of 3 independent experiments. 
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Table 1 Immunofluorescence against known phenotypic 
markers performed on fast and slow growing clonal 
populations 



Phenotype markers 


Slow growing 
clonal populations 


Fast growing 
clonal populations 


a-smooth muscle actin 


++ 


+++ 


Fibroblast surface protein 


++ 


+ 


Cathepsin K 


+ 


++ 


Thromboxane synthase 


++ 


++ 


a8 integrin 


++ 


++ 



Staining intensity was categorized into 3 grades (+, low staining; ++, moderate 
staining; +++, intense staining) and recorded by blinded observations. Results 
represent observations from 3 independent studies. 



PDGF-stlmuiatlon induces significant differences in [^H] 
thymidine uptake amongst different human ASM clonal 
populations 

To further quantify the differences in proliferative capacity 
observed in the clonal populations [^H] thymidine uptake 
was assessed in response to the potent human ASM cell 
mitogen, Platelet- Derived Growth Factor (PDGF) at a con- 
centration previously observed to be maximal in terms of 



human ASM cell proliferation (20 ng/ml) [17]. Twenty 
four hour exposure to PDGF-BB induced a range from 
1.19 ±0.06 to 16.49 ±4.63 (mean±SEM) fold increase 
over basal in [^H] thymidine incorporation (Figure 6A). 
For comparative purposes unsorted donor-matched cells 
were grown to the same confluence and used as a bench- 
mark "standard" for responses. [^H] thymidine uptake in 
human ASMs grown under standard culture conditions (i. 
e. not subjected to single cell sorting or clonal expansion) 
following stimulation with PDGF (20 ng/ml) for 24 hours 
was observed to be 5.74 ± 0.19 (mean ± SEM) fold over 
the control. 

The average [^H] thymidine uptake observed in all 
fast-growing clonal populations in response to PDGF 
stimulation (20 ng/ml) for 24 hours was 8.22 ± 2.4 (n = 
4, mean ± SEM) fold over control and that observed in 
slow-growing clones was 3.27 ± 0.3 (n = 3, mean ± SEM) 
fold over control. However this difference was not statis- 
tically significant due to the diverse range of inter-clonal 
population responses observed even within these groups, 
(p =0.1). Only two clones classified as fast-growing had 
a higher [^H] thymidine uptake compared to the stand- 
ard. Overall, there was a significant difference in the 
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Figure 4 Immunocytochemical localization of novel mesenchymal cell markers. Fast and slow growing clonally expanded human ASM cell 
populations were grown on 8-well chamber glass slides to 80% confluency. Following cell fixation, slow and fast growing clonal populations were 
immunocytochemically labelled for cathepsin K (A & C respectively; 2.5 pg/ml; B & D corresponding isotype control), thromboxane synthase 1 
(E & G respectively; 8 |jg/ml; F & H corresponding isotype control) and a8 integrin (I & K respectively; 1 |jg/ml; J & L corresponding isotype 
control). Images were captured with x20 objective lens using an epifluorescent microscope with matched exposure time and gains. Images are 
representative of 3 independent experiments. 
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Figure 5 Morphological characterisation of early passage human ASM cells following single-cell cloning. Following fluorescence-activated 
cell sorting based single-cell sorting, early passage human ASM cells were subjected to clonal expansion and sub cultured in 10% foetal calf 
serum supplemented growth media. Their morphological characteristics were observed and recorded in (A) slow-growing clonal populations and 
(B) fast-growing clonal populations at passage 7. Cells are labelled for cathepsin K (2.5 |jg/ml). Representative images of isotype controls are 
shown in Figure 4B & D. 

V J 



growth rates across all the clones (p < 0.001 by two-way 
ANOVA). 

Altered Isoproterenol-induced cyclic AMP production in 
human ASM clones 

In order to examine potential functional heterogeneity 
between cell populations expanded from single human 
ASM progenitors, we chose to study signaling responses 
in two physiologically and clinically important pathways 
present in these cells: |32-adrenoceptor mediated signal- 
ing constituting the major pro-relaxant pathway in ASM 
cells and IPS production used as a functional readout for 
pro-contractile Gq-coupled receptor activation. 

First, we investigated cyclic AMP production in all the 
cell clones following stimulation with the p-adrenoceptor 
agonist, isoproterenol at a range of different concentra- 
tions (10 [iM to 1 nM). Figure 6B demonstrates the 
isoproterenol-induced dose-dependent increase in cyclic 
AMP production observed in both clonal populations and 
the unsorted, donor-matched "standard" cells. The max- 
imum cyclic AMP accumulation observed was recorded 
in data from a single Fast Growing clonal population (4.4 
±0.3 fold c.f. basal) in response to exposure to 10 [iM 
isoproterenol. However this effect was lower compared to 
the unsorted, donor-matched standard' cell response 
achieved at the same concentration of isoproterenol (5.4 
±1.12, Figure 6B). The average cyclic AMP production 
recorded in all fast-growing clones was 2.8 ±0.1 (n =3) 
and 2.74 ±0.18 (n =3) in all slow-growing clonal cells 
on stimulation with 10 [iM of isoproterenol. Statistical 
analyses by two-way ANOVA demonstrated a significant 
difference in cyclic AMP production across all the 
clones thus the clones exhibited diverse signalling cap- 
acities (p < 0.001). However the variation observed in 
cycUc AMP accumulation and hence |32-adrenoceptor- 



mediated signaling, does not appear to be related to the 
proliferative capacity of the clonal populations. 

Altered Gq-coupled receptor signaling in human ASM 
clonal populations 

To assess pro-contractile Gq-coupled receptor-mediated 
signaling, bradykinin and histamine were utilised to in- 
duce a concentration-dependent accumulation of [^H] 
Inositol Phosphate (IP) in human ASM clonal cell popu- 
lations (Figure 6C & D). The highest [^H] IP was pro- 
duced by the unsorted, donor-matched standard' cell 
type in response to stimulation with the maximum dose 
of the contractile agonists namely bradykinin (10 [iM) 
(5.16 ± 0.4 fold increase cf vehicle. Figure 6C) and hista- 
mine (100 [iM) (2.63 ± 0.3 fold increase cf vehicle 
Figure 6D). As can be observed in Figure 6C exposure 
to bradykinin was observed to induce the maximum ob- 
served increase in [^H] IP in the Slow Growing clonal 
populations (2.9 ± 0.2 fold increase cf vehicle) compared 
to the Fast Growing clones (2.78 ± 0.2 fold increase cf 
vehicle). The same trend was observed following hista- 
mine stimulation (Figure 6D) with the slow proliferating 
clones demonstrating higher levels of [^H] IP (2.17 ± 
0.04 fold increase cf vehicle) than the Fast Growing pop- 
ulations (1.98 ± 0.2). However these differences were not 
statistically significant. Statistical analyses of the data 
across all the clones following bradykinin and histamine 
stimulation showed a significant difference in the pro- 
duction of [^H] IP (p < 0.001 and p = 0.0023 by two-way 
ANOVA respectively). 

Discussion 

This is the first study to examine the clonogenic poten- 
tial of human ASM cells. The main objective of this 
study was to determine whether different lineages of 
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Figure 6 Altered proliferative and signaling responses in human ASM clonal populations. In all panels each data point represents mean ± 

SEM (n =3). Four Fast Growing clonal populations (— ) and four-five Slow Growing clonal populations ( ) (as defined in the methods) were 

used in addition to the standard (not clonally derived) donor population (-). (A) pH] thymidine incorporation in human ASM clonal populations 
in response to a range of PDGF-BB concentrations (0.00002 ng/ml to 20 ng/ml) or vehicle alone (Veh). Statistical analyses identifies significant 
difference in the proliferative response across all the clones (p < 0.001, two-way ANOVA). (B) cAMP formation in clonal human ASM populations 
in response to stimulation with varying concentrations of isoproterenol (10 |jM to 1 nM) or vehicle alone (Veh). Significant differences were 
observed in cAMP formation across all the clonal populations (p < 0.001, two-way ANOVA). (C) [^H] Inositol Phosphate accumulation following 
stimulation of human ASM clonal populations with varying concentrations of bradykinin (10 pM to 0.1 nM) or vehicle alone (Veh). Statistical 
analyses of the data across all the clones showed a significant difference in the production of tritiated inositol phosphates (p < 0.001, two-way 
ANOVA). (D) pH] Inositol Phosphate accumulation following stimulation of human ASM clonal populations with a range of histamine doses 
(100 |jM to InM) or vehicle alone (Veh). Significant difference was observed in the total inositol phosphate accumulation across all the clonal 
groups following statistical analysis (p = 0.0023, two-way ANOVA). 



airway mesenchymal cells can be derived from early pas- 
sage cultures of human ASM cells by single-cell cloning. 
The next aim was to investigate their morphological, 
phenotypic and functional characteristics. Critically, our 
studies demonstrate that the majority of single cells 
present within early passage human ASM cell cultures 
have the potential to create expanded cell populations. 
The clonal populations exhibited dramatic differences in 
their doubling times ranging from 1.1 to 18.3 days in the 



58% of clones which proliferated sufficiently to be quan- 
tified. Furthermore morphological and functional het- 
erogeneity were also seen to exist within these clonal 
populations. These findings confirm the existence of a 
heterogeneous group of cells within these cultures which 
may have the potential to develop diverse phenotypes 
(hypercontractile, contractile or synthetic). Our observa- 
tion that the majority of cells isolated from early passage 
cultures of human ASM are capable of expansion from a 
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single isolated cell indicates the presence of large num- 
bers of cells with significant proliferative potential in this 
cell population. 

Functional data from our studies demonstrate varied 
proliferative response by different human ASM clones, 
both in the absence of mitogens and also following stimu- 
lation with PDGF. In our study these clones were classi- 
fied into groups based on their doubling time in the 
absence of the mitogens. Interestingly, the fast-growing 
clones did not only have higher basal proliferation rates 
but also exhibited a higher proliferative response following 
PDGF stimulation suggesting these cells have an intrinsic 
pro-proliferative phenotype. 

Based on previously published studies [18-23] we hy- 
pothesized that the majority of the cells within the fast- 
growing clonal population would be of a "synthetic" 
phenotype and the slow-growing clonal populations 
would comprise more of the "contractile" forms. Hence 
we attempted to look at the phenotype characteristics of 
these two different clonal populations by immunocyto- 
chemistry. We used a range of previously published 
markers [11] to identify human ASM cells (the classical 
contractile form) and human airway fibroblasts (the clas- 
sical synthetic phenotype). We have previously reported 
the overlap between ASM and fibroblasts and from 
this study chose to use a-smooth muscle actin, FSP, 
cathepsin K, thromboxane synthase and a8 integrin 
[11]. Contrary to expectation, the fast growing clonal 
population had, if anything, slightly increased levels of 
a smooth muscle actin and the slow growing popula- 
tions had increased levels of FSP. It is important to 
recognise that both the standard culturing conditions 
used and the specific conditions required for the different 
experiments each have the capacity to promote different 
phenotypes. For example culturing with serum (as was 
done through the clonal expansion phase of the study) 
would be expected to promote the synthetic phenotype 
whereas the serum deprivation performed prior to im- 
munofluorescent and second messenger studies should 
promote an increased proportion of cells exhibiting 
contractile characteristics. These experimental condi- 
tions are largely unavoidable i.e. attempting to derive 
clonal populations from single cells is unlikely to be 
successful. Another consideration is how the stiff plas- 
tic substrate on which all cells were cultured and on 
which experiments were performed itself promotes the 
enrichment of certain phenotypes. Whilst it is widely 
recognized that extracellular matrix composition alters 
ASM phenotype and signaling capabilities [10,20,24], it 
is increasingly being recognised that the physical prop- 
erties of the substrate alone can also affect phenotype 
i.e. static vs dynamic, 2D vs 3D, differential stiffness as 
recently reviewed [25]. Whether the expansion of clonal 
populations in a more physiological environment would 



result in different outcomes to those reported here 
is unknown. 

The coexistence of cell populations with diverse prolif- 
erative responses is key in understanding the relation- 
ship between ASM cell heterogeneity and airway 
remodeling. It is important to remember that the cells 
described in this manuscript represent a population 
which has been effectively enriched for proliferative 
properties with non-proliferative cells being lost follow- 
ing the original isolation of the ASM cells and early 
passaging. However, that there remains such cellular 
diversity in phenotype from a culture of cells which have 
already been through two passages is still perhaps sur- 
prising. So what could be the origin of the observed 
populations? And why would a clonally- derived popula- 
tion of cells exhibit diverse morphological differences in 
identical culture conditions? Possible sources of these 
highly proliferative populations are mesenchymal stem 
cells or progenitor cells such as fibrocytes either from 
peripheral blood or from within the tissue [6,15]. To 
date it is unclear whether mesenchymal stem cell popu- 
lations exist within airway smooth muscle cell bundles 
and are able to contribute to the increased smooth 
muscle mass observed in asthma [6]. A little more is 
understood about lung fibrocytes which are fibroblast- 
like progenitor cells first detected outside the circulation 
in human bronchial mucosa in patients with chronic 
allergic asthma [26]. Intriguingly, fibrocytes exposed to 
TGF|3 have been observed to become more smooth 
muscle-like in phenotype [27]. In addition, levels of fibro- 
cytes have been correlated with the yearly decline in lung 
function in patients with asthma presenting with chronic 
airflow obstruction [27]. Recently the same group reported 
an increase in the accumulation of fibrocytes in bronchial 
walls of patients with the same clinical phenotype [28]. 
This is in agreement with the study by Saunders et al, 
where elevated number of fibrocytes were observed in 
the ASM bundles of individuals with asthma compared 
with controls, however there was no correlation between 
this and lung function [29]. Another possible source 
of myofibroblasts into the airways is via epithelial- 
mesenchymal transitions, however emerging evidence 
from lineage-tracing studies raises the possibflity that 
the latter may just be a consequence of in vitro culture 
and not occur in vivo [30]. 

It is however important to note that the cultures used 
for the experiments we describe here were derived from 
nonasthmatic human airways and hence would be unlikely 
to contain fibrocyte-derived populations if such cells only 
traffic to the lung following airway inflammation. 

It was interesting to note that the proliferative po- 
tential of each clonal population did not appear to in- 
fluence either (pro-relaxant) cyclic AMP-mediated or 
(pro-contractile) IP3-mediated signaling, especially when 
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considered with the observation that cells with an in- 
creased proliferative rate exhibited increased a-smooth 
muscle actin and decreased FSP expression. These data 
suggest that it is perhaps not feasible to dichotomize the 
ASM populations into "good" (anti-proliferative, anti- 
contractile, pro-relaxant) and "bad" (being the opposite) 
as might have been assumed from previous studies where 
a proliferative, synthetic phenotype is associated with re- 
duced contractile protein [18-23]. However, as evidenced 
by the diverse morphology observed within clonal popula- 
tions (which we did not address quantitatively), there 
are subpopulations of cells within the clonal populations 
which are quite different. So whilst we observed differ- 
ences between the clonal populations, it would be re- 
vealing to understand how subpopulations within these 
further differ, particularly in terms of GPCR density or sig- 
naling capacity. Seminal studies in this field from Halayko 
and colleagues using canine tracheal smooth muscle 
cells both characterized subpopulations which arose 
after prolonged serum deprivation [31]. Here one sixth 
of the cells were observed to exhibit a contractile pheno- 
type as characterized by elongated morphology, alignment 
into bundles, increased expression of smooth muscle 
a-actin, smooth muscle myosin heavy chain and SM22 
and, importantly, expression of muscarinic M3 receptors 
which are usually lost from smooth muscle cells through 
culturing [31]. Thus whether subpopulations within the 
clonal populations exhibited diverse GPCR expression re- 
mains to be explored. 

Conclusions 

In summary, we have shown that human ASM cell cul- 
tures represent heterogeneous cell populations that ex- 
hibit morphological and functional differences. Our 
studies also reveal that a significant proportion of individ- 
ual early passage human ASM cells have the potential to 
create expanded cell populations suggesting the presence 
of large number of mesenchymal progenitors. Taken to- 
gether we suggest that these phenotypically diverse cell 
populations existing within ASM cultures may contribute 
differentially to inflammatory and remodelling processes 
within the airways. 

Consent 

Written informed consent was obtained from the patient 
for the publication of this report and any accompanying 
images. 

Abbreviations 

ASM: Airway smooth muscle; cyclic AMP: Cyclic adenosine monophosphate; 
FACS: Flow activated cell sorting; FCS: Foetal calf serum; PDGF: Platelet 
derived growth factor; TGF-[3: Transforming growth factor-beta; 
AKR1C3: Aldo-keto reductase 1 C3; TBXASl: Thromboxane synthase 1; 
PGE2: Prostaglandin E2. 



Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

SRS conducted the experiments, participated in the design and analysis of 
the study and drafted the manuscript. CKB assisted with the clonal 
expansion studies, participated in the design and analysis of the study and 
drafted the manuscript. IS critically reviewed the manuscript. IPH conceived 
of the study, participated in its design and coordination and helped to draft 
the manuscript. All authors read and approved the final manuscript. 

Received: 30 January 2014 Accepted: 22 April 2014 
Published: 3 May 2014 



References 

1. Ozier A, Allard B, Bara I, Girodet PO, Trian T Marthan R, Berger P: The 
pivotal role of airway smooth muscle in asthma pathophysiology. 
J Allergy (Cairo) 201 1 , 201 1 :74271 0. 

2. Saglani S, Payne DN, Zhu J, Wang Z, Nicholson AG, Bush A, Jeffery PK: Early 
detection of airway wall remodeling and eosinophilic inflammation in 
preschool wheezers. Arr) J Respir Crit Care Med 2007, 1 76(9):858-864. 

3. O'Reilly R, Ullmann N, Irving S, Bossley CJ, Sonnappa S, Zhu J, Gates T, Banya 
W, Jeffery PK, Bush A, Saglani S: Increased airway smooth muscle in 
preschool wheezers who have asthma at school age. J Allergy Clin 
Immunol 2013, 1 31 (4):1 024-1 032. 1032 el 021-1 01 6. 

4. James AL, Bai TR, Mauad T Abramson MJ, Dolhnikoff M, McKay KO, Maxwell 
PS, Elliot JG, Green FH: Airway smooth muscle thickness in asthma is 
related to severity but not duration of asthma. Eur Respir J 2009, 

34(5):1 040-1 045. 

5. Kaminska M, Foley S, Maghni K, Storness-Bliss C, Coxson H, Ghezzo H, 
Lemiere C, Olivenstein R, Ernst P, Hamid Q, Martin J: Airway remodeling in 
subjects with severe asthma with or without chronic persistent airflow 
obstruction. J Allergy Clin Immunol 2009, 124(1):45-51. el -4. 

6. Berair R, Saunders R, Brightling CE: Origins of increased airway smooth 
muscle mass in asthma. BMC Med 2013, 11:145. 

7. Hirst SJ, Martin JG, Bonacci JV, Chan V, Fixman ED, Hamid QA, Herszberg B, 
Lavoie JP, McVicker CG, Moir LM, Nguyen TT, Peng Q, Ramos-Barbon D, 
Stewart AG: Proliferative aspects of airway smooth muscle. J Allergy Clin 
Immunol 2004, 1 14(2 Suppl):S2-S17. 

8. Oenema TA, Maarsingh H, Smit M, Groothuis GM, Meurs H, Gosens R: 
Bronchoconstriction induces TGF-beta release and airway remodelling in 
guinea Pig lung slices. PLoS One 2013, 8(6):e65580. 

9. Grainge CL, Lau LC, Ward JA, Dulay V, Lahiff G, Wilson S, Holgate S, Davies 
DE, Howarth PH: Effect of bronchoconstriction on airway remodeling in 
asthma. N Engl J Med 20]], 364(21 ):2006-201 5. 

10. Wright DB, Trian T Siddiqui S, Pascoe CD, Johnson JR, Dekkers BG, 
Dakshinamurti S, Bagchi R, Burgess JK, Kanabar V, Ojo 00: Phenotype 
modulation of airway smooth muscle in asthma. Pulm Pharmacol Ther 
2012, 137:248-265. 

11. Singh SR, Billington CK, Sayers I, Hall IP: Can lineage-specific markers be 
identified to characterize mesenchyme-derived cell populations in the 
human airways? Am J Physiol Lung Cell Mol Physiol 2010, 299(2):L169-L183. 

12. Liu B, Peel SE, Fox J, Hall IP: Reverse mode Na-i-/Ca2-i- exchange mediated 
by STIMl contributes to Ca2-i- influx in airway smooth muscle following 
agonist stimulation. Respir Res 2010, 1 1:168. 

13. Hall IP, Kotlikoff M: Use of cultured airway myocytes for study of airway 
smooth muscle. Am J Physiol 1995, 268(1 Pt 1):L1-L1 1. 

14. Hall IP, Widdop S, Townsend P, Daykin K: Control of cyclic AMP levels in 
primary cultures of human tracheal smooth muscle cells. Br J Pharmacol 
1992, 107(2):422-428. 

15. Singh SR, Hall IP: Airway myofibroblasts and their relationship with 
airway myocytes and fibroblasts. Proc Am Thorac Soc 2008, 5(1 ):1 27-1 32. 

16. Billington CK, Le Jeune IR, Young KW, Hall IP: A major functional role 
for phosphodiesterase 4D5 in human airway smooth muscle cells. 
Am J Respir Cell Mol Biol 2008, 38(1 ):1 -7. 

17. Billington CK, Joseph SK, Swan C, Scott MG, Jobson TM, Hall IP: Modulation 
of human airway smooth muscle proliferation by type 3 
phosphodiesterase inhibition. Am J Physiol 1999, 276(3 Pt 1):L412-L419. 

18. Roscioni SS, Prins AG, Elzinga CR, Menzen MH, Dekkers BG, Halayko AJ, 
Meurs H, Maarsingh H, Schmidt M: Protein kinase A and the exchange 



Singh et al. Respiratory Research 2014, 15:57 
http://respiratory-research.conn/content/1 5/1/57 



Page 11 of 1 1 



protein directly activated by cAMP (Epac) modulate phenotype plasticity 
in human airway smooth muscle. Br J Pharmacol 201 1, 164(3):958-969. 

19. Roscioni SS, Dekkers BG, Prins AG, Menzen MH, Meurs H, Schmidt M, 
Maarsingh H: cAMP inhibits modulation of airway smooth muscle 
phenotype via the exchange protein activated by cAMP (Epac) and 
protein kinase A. Br J Pharmacol 201 1, 1 62(1 ):1 93-209. 

20. Hirst SJ, Twort CH, Lee TH: Differential effects of extracellular matrix 
proteins on human airway smooth muscle cell proliferation and 
phenotype. Am J Respir Cell Mol Biol 2000, 23(3):335-344. 

21 . Hirst SJ, Walker TR, Chilvers ER: Phenotypic diversity and molecular 
mechanisms of airway smooth muscle proliferation in asthma. 
Eur Respir J 2000, 16(1):159-177. 

22. Gosens R, Meurs H, Bromhaar MM, McKay S, Nelemans SA, Zaagsma J: 
Functional characterization of serum- and growth factor-induced 
phenotypic changes in intact bovine tracheal smooth muscle. 

Br J Pharmacol 2002, 137(4)459-466. 

23. Dekkers BG, Schaafsma D, Nelemans SA, Zaagsma J, Meurs H: Extracellular 
matrix proteins differentially regulate airway smooth muscle phenotype 
and function. Am J Physiol Lung Cell Mol Physiol 2007, 292(6)11 405-L1 41 3. 

24 Freyer AM, Billington CK, Penn RB, Hall IP: Extracellular matrix modulates 
beta2-adrenergic receptor signaling in human airway smooth muscle 
cells. Am J Respir Cell Mol Biol 2004 31 (4)440-445. 

25. Wright D, Sharma P, Ryu MH, Risse PA, Ngo M, Maarsingh H, Koziol-White C, 
Jha A, Halayko AJ, West AR: Models to study airway smooth muscle 
contraction in vivo, ex vivo and in vitro: implications in understanding 
asthma. Pulm Pharmacol Ther 2013, 26(1):24-36. 

26. Schmidt M, Sun G, Stacey MA, Mori L, Mattoli S: Identification of circulating 
fibrocytes as precursors of bronchial myofibroblasts in asthma. 

J Immunol 2003, 171(1):380-389. 

27. Wang CH, Huang CD, Lin HC, Lee KY, Lin SM, Liu CY, Huang KH, Ko YS, Chung 
KF, Kuo HP: Increased circulating fibrocytes in asthma with chronic airflow 
obstruction. Am J Respir Crit Care Med 2008, 1 78(6):583-591 . 

28. Weng CM, Chen BC, Wang CH, Feng PH, Lee MJ, Huang CD, Kuo HP, Lin 
CH: The ET receptor mediates fibrocyte differentiation in chronic 
obstructive asthma: the involvement of CTGF. Am J Respir Crit Care Med 
2013, 188:298-308. 

29. Saunders R, Siddiqui S, Kaur D, Doe C, Sutcliffe A, Hollins F, Bradding P, 
Wardlaw A, Brightling CE: Fibrocyte localization to the airway smooth 
muscle is a feature of asthma. J /\//ergy Clin Immunol 2009, 123(2):376-384 

30. Acharya A, Baek ST, Huang G, Eskiocak B, Goetsch S, Sung CY, Banfi S, 
Sauer MF, Olsen GS, Duffield JS, Olsen EN, Tallquist MD: The bHLH 
transcription factor Tcf21 is required for lineage-specific EMT of cardiac 
fibroblast progenitors. Development 2012, 1 39(1 2):21 39-2149. 

31. Halayko AJ, Camoretti-Mercado B, Forsythe SM, Vieira JE, Mitchell RW, 
Wylam ME, Hershenson MB, Solway J: Divergent differentiation paths in 
airway smooth muscle culture: induction of functionally contractile 
myocytes. Am J Physiol 1999, 276(1 Pt 1):L197-L206. 



doi:1 0.1 186/1465-9921-15-57 

Cite this article as: Singh et al.: Clonally expanded human airway 
smooth muscle cells exhibit morphological and functional 
heterogeneity. Respiratory Research 2014 15:57. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at /^\ Ri^nHod Tpntral 

www.biomedcentral.com/submit momea L.enTrai 



